Abstract Cyanide toxicity is common after significant smoke inhalation. Two cases are presented that provide framework for the discussion of epidemiology, pathogenesis, presenting signs and symptoms, and treatment options of inhalational cyanide poisoning. An evidence-based algorithm is proposed that utilizes point-of-care testing to help physicians identify patients who benefit most from antidotal therapy.
As the medical toxicologist for a tertiary care academic center, you are notified by EMS that your emergency department will be receiving several patients from a house fire with varying levels of injury/acuity. The most critically ill patient is an elderly woman found unresponsive in bed. She was intubated in the field and received a cyanide antidote by paramedics.
How Common Is Cyanide Toxicity After Smoke Inhalation?
Fire departments in the USA respond to approximately 1,389, 500 fires annually [1] . While only 29.1 % of fires involve private homes, they represent 75.7 and 79.1 % of all firerelated fatalities and injuries, respectively [1] . Frequently, both building occupants and firefighters experience inhalation exposure to smoke. On average, there are 2580 deaths and 13, 280 injuries per year associated with fires in the USA [1] , most of them due to the inhalation of smoke [2] . While the composition of smoke is highly variable and depends on fuel available for pyrolysis, temperature, and oxygen availability [3] , two common inhalational toxicants found in smoke are carbon monoxide and hydrogen cyanide. Both gases are cellular asphyxiants, respectively competing for oxygen binding sites on hemoglobin or inhibiting cytochrome c oxidase in mitochondrial oxidative phosphorylation. Experts suspect that the amount of hydrogen cyanide in fire-related smoke has increased over the past decades due to use of novel, synthetic building and furnishing materials [4] . Cyanide is detectable in the blood of almost 60 % of fire-related fatalities and 50 % of survivors of enclosed-space fires [3] .
What Is the Pathophysiology of Cyanide Toxicity?
Hydrogen cyanide gas is a cellular asphyxiant which quickly dissociates into both hydrogen and cyanide ions when dissolved. The cyanide ion has a high affinity for metalloproteins and can affect up to 40 different enzyme systems [5] . When bound to the ferric iron (Fe 3+ ) in cytochrome a3, a heme group within cytochrome c oxidase, non-competitive inhibition results in arrest of oxidative phosphorylation. Affected cells are subsequently forced into anaerobic metabolism. Organs highly susceptible to ATP depletion (brain, heart) are primarily affected [5] . From rodent studies, it is further believed that cyanide also alters neurotransmitter concentrations in the brain, mainly increasing glutamate and dopamine while decreasing γ-aminobutyric acid (GABA) [6] .
Another asphyxiant produced in house fires is carbon monoxide. This toxicant tightly binds to hemoglobin, thereby inhibiting oxygen delivery to tissues. Like cyanide, it also binds to cytochrome a3 of cytochrome c oxidase and inhibits its function [7] . Not surprisingly, carbon monoxide and cyanide act synergistically to inhibit cellular respiration. Despite sublethal levels of either toxicant, fatalities have been reported in humans and demonstrated in animal trials [8, 9] .
Case Series Continued
The critical patient is the first to arrive in the ED. Paramedics report that prior to intubation, she had a GCS of 6 (withdrawal to pain). Fluid resuscitation has been initiated in the field, and hydroxocobalamin has been infused en route to the hospital, but the patient has not improved.
What Are the Published Indications for Antidotal Therapy in Cyanide Toxicity from Smoke Inhalation?
The approach to resuscitation for critically ill patients is similar for the treatment of victims of smoke inhalation. After circulation, airway, and breathing have been assessed and stabilization has been initiated as appropriate, the pre-hospital provider must decide whether to administer an antidote for cyanide toxicity. Ideally, the treatment for cyanide toxicity is initiated in the field due to the time-sensitive nature of this condition.
In 2011, O'Brien et al. published an excellent review of cyanide toxicity, with a proposed algorithm on the empiric management of cyanide toxicity in the pre-hospital setting [10] . In their work, they divided patients into four categories: mild, moderate, and severe smoke inhalation, and cardiac arrest. As the focus of this algorithm is directed to pre-hospital providers, the decision to administer antidote is based on vital signs and mental status. Patients who show evidence of smoke inhalation (e.g., soot around mouth or nose), confusion, or abnormal vital signs are advocated to receive cyanide antidote. There is no inclusion of point-of-care testing parameters. While appropriate for EMS, physicians may have to apply stricter triage criteria in mass casualty events with limited supply of medication or decide which patients require additional antidotal therapy. In these instances, point-of-care evaluation of laboratory markers can guide clinicians in their decision-making.
We could not find a published consensus defining significant toxicity. For example, the National Health Service (NHS) in Great Britain recommends antidote administration only if the patient is unconscious, convulsing, or demonstrates a rapidly deteriorating clinical status [11] , although this guideline was devised for victims of cyanide ingestion or cyanide gas inhalation. Given the complexity of toxic substances in smoke and their potential synergism [12] , we recommend immediate antidotal treatment of patients who display evidence of cardiotoxicity (bradycardia or acute myocardial infarction) or significant respiratory distress (hyperpnea, tachypnea, or bradypnea) in addition to the indications put forth by NHS guidelines. Patients presenting in cardiac arrest should also be treated empirically [13, 14] . If none of the above signs and symptoms are present, antidotal treatment can likely be withheld for several minutes to gather additional data and provide optimal care (discussed below).
What Are the Available Cyanide Antidotes, and How Are They Administered?
Current antidotal approaches include the use of hydroxocobalamin (Cyanokit®, Merck Santé s.a.s., Semoy, France), sodium thiosulfate, or a combination of sodium nitrite and sodium thiosulfate (see Table 1 ). While recent animal data indicate efficacy of sodium thiosulfate alone in cyanide poisoning [15] , human efficacy data are lacking, even in the form of case reports. After an extensive literature review and evaluation of more than 400 published and unpublished clinical cases, a Task Force of the European Centre for Ecotoxicology and Toxicology of Chemicals concluded that hydroxocobalamin is the preferred antidote in severe cyanide toxicity due to smoke inhalation, with sodium thiosulfate serving as a second-line antidote [16] . Other authors have supported this recommendation [17, 18] , although it remains controversial [19] . Hydroxocobalamin is the most widely used antidote in the USA and Europe, and the use of other cyanide antidotes is decreasing [20] .
Amyl nitrite and sodium nitrite are cyanide antidotes with high oxidative potential. These agents induce methemoglobinemia, which drives the conversion of cyanide to cyanomethemoglobin; additionally, these nitrites cause vasodilation and conversion to nitric oxide [21] [22] [23] . While an appropriate antidote for cyanide ingestion, nitrites can precipitate clinical deterioration in patients with suspected cyanide exposure from smoke inhalation. Inevitably, significant smoke inhalation produces varying degrees of carboxyhemoglobinemia. The creation of methemoglobinemia from nitrite administration further reduces oxygen carrying capacity in the smoke inhalation victim. Additionally, the nitrites can worsen hypotension typically seen in the setting of cyanide toxicity [22] . For these reasons, either sodium thiosulfate or hydroxocobalamin administration is preferred in smoke inhalation. We recommend avoiding amyl nitrite and sodium nitrite for the treatment of suspected cyanide toxicity after smoke inhalation.
After initial ED stabilization, the endotracheal tube is exchanged for a larger caliber tube to allow for anticipated bronchoscopy. Carbonaceous sputum is noted by the intubating resident. After intubation, she has good bilateral breath sounds and oxygen saturation of 95 %. The nurse reports the initial vital signs as BP 80/palp with a heart rate of 140 bpm. Additional IV access is obtained and fluid resuscitation continued.
The secondary survey reveals 2-mm pupils and soot in the nasal passages, but no apparent significant trauma or burns. Beside ultrasonography does not show any evidence of pneumothorax or free intraperitoneal fluid. A bedside glucose is 128 mg/dL. Current GCS is 3T. The patient remains hypotensive and tachycardic.
What Are Typical Clinical Findings in Cyanide Toxicity After Smoke Inhalation?
Cyanide toxicity is commonly associated with physiologic signs, symptoms, and abnormal biomarkers. Most data is from cyanide ingestion rather than inhalation, but likely the symptoms are similar. Physical exam findings can be subdivided into external, neurological, respiratory, cardiovascular, and gastrointestinal signs and symptoms.
& External: Patients may have soot on their face, neck, oral cavity, or sputum [24] . & Neurological: Patients initially experience headache, dizziness, and nausea that may rapidly progress to vomiting, confusion, and gradual decrease in the level of consciousness, which ultimately result in coma [4, 14, [24] [25] [26] [27] . In a case series of 11 laboratory-confirmed cyanide toxicity cases (10 by ingestion, 1 inhalation), 18 % of patients had transient seizures [28] . In a retrospective review of 21 cases of cyanide poisoning (most by ingestion, most confirmed by serum cyanide levels), 71 % of patients with severe cyanide toxicity were unconscious at the time of presentation [25] . The mean Glasgow Coma Scale (GCS) score of patients with detectable serum cyanide levels after enclosed-space fire was 12.7 as compared to 14.7 in patients with no detectable cyanide [24] . & Respiratory: Due to the cyanide-induced metabolic acidosis, patients present with dyspnea [4, 24, 25] and tachypnea [4, 24] in the early stages of toxicity. This will progress to bradypnea and apnea. In a retrospective analysis of 21 patients with confirmed cyanide toxicity, all patients who had initial respiratory symptoms (dyspnea, rapidly decreasing respiratory rate, pulmonary edema, or apnea) were severely toxic. Of the patients with only mild toxicity, none had respiratory complaints [25] . & Cardiovascular: The initial tachycardia, likely the result of a catecholamine surge, progresses to bradycardia with subsequent hypotension [25] [26] [27] [28] . EKG may show STsegment changes, as well as a variety of arrhythmias [29] . Ultimately, respiratory and cardiac arrest ensues [4, 14, [24] [25] [26] [27] . Yen et al. noted that cardiovascular symptoms indicated severe toxicity [25] . & Gastrointestinal: Patients may develop gastrointestinal distress, nausea, and vomiting after inhalational cyanide exposure. GI symptoms were found in both mild and severe cyanide toxicity [25] .
How Is the Diagnosis of Cyanide Toxicity Made?
While carbon monoxide poisoning is readily diagnosed by bedside CO-oximetry, the diagnosis of hydrogen cyanide poisoning must be made clinically, as results of serum or whole blood cyanide levels may not be available to the treating clinician for hours to days. Clinical markers must be used to determine the need for emergent antidotal therapy. Patients with early cyanide toxicity display non-specific signs such as a Glasgow Coma Score of less than 15 or dilated or constricted pupils [24, 30] . A GCS of less than 10 is highly suggestive of cyanide toxicity fire victims without evidence of trauma [24] . However, the presence of ethanol or sedative/ hypnotics may also contribute to depressed mental status in this population.
Patients who present with objective signs of significant smoke inhalation (soot around mouth/nose, elevated carboxyhemoglobin levels) are at risk of symptomatic cyanide toxicity, but may initially look stable due to hemodynamic compensation or benign appearance of early cyanide toxicity. In these instances, point-of-care evaluation of laboratory markers can guide the clinician on whether a patient requires an antidote.
Arteriolization of venous blood occurs when cells no longer extract oxygen. Central venous oxygen saturation ranges from 76.8 to 87.2 % in healthy individuals. Johnson et al. described a patient with cyanide toxicity with an initial peripheral venous oxygen saturation of 95.4 % which declined to 59.7 % after the administration of antidote [31] . Several others have reported similar findings in case studies, utilizing central venous oxygen saturation [4, 32, 33] . Johnson reported that a ScVO 2 of >90 % should be considered evidence of significant cyanide toxicity in the right clinical setting. However, Yeh et al. report a case of significant ingested cyanide toxicity with normal ScVO 2 [34] . The R.I.S.K. study was unable to detect a difference in venous oxygen pressures between patients with undetectable and elevated serum cyanide levels. A ScVO 2 above 90 % after smoke inhalation is likely specific for significant cyanide toxicity, but animal studies do not support this test and its sensitivity is unknown [15] .
Acidosis with hyperlactatemia may result from hypoxia before extrication, as well as from trauma, under-resuscitation, or carbon monoxide poisoning. However, when due to carbon monoxide, it is usually mild (median 2.3 mmol/L) [35, 36] . Baud et al. found in a retrospective case series of 11 patients with cyanide ingestion (smoke inhalation was excluded) that a serum lactate level >8 mmol/L was 94 % sensitive and 70 % specific for significant cyanide toxicity (>100 μg/dL). The specificity increases to 84 % in patients who have not received catecholamines. Several other authors have described lactate as a useful indicator for cyanide toxicity [4, 13, 37, 38] . While specificity is greatly increased when the diagnostic lactate threshold is raised to 10 mmol/L, we recommend a treatment threshold of 8 mmol/L for this treatment algorithm given the associated improvement in sensitivity.
Victims of smoke inhalation should be assessed for carbon monoxide poisoning. An observational study of over 100 patients with smoke inhalation found that patients with multiple areas affected by soot, especially sputum, had higher blood cyanide levels [24] . Many of the symptoms of early or mild cyanide toxicity are non-specific, and there is significant overlap with symptoms of carbon monoxide toxicity [13] . The presence of carboxyhemoglobinemia greater than 10 % is evidence of significant smoke inhalation, placing the patient at higher risk for having inhaled other toxins, including cyanide. Carbon monoxide levels and cyanide levels are correlated according to several case series of patients with smoke inhalation, and a retrospective analysis of 285 fire-related fatalities [3, 13, 24, 27, 39] . Both toxins are cellular asphyxiants, and several authors proposed that carbon monoxide toxicity is synergistic to that of cyanide; death may result despite sublethal levels of either toxin [8, 9, 12] .
Case Series Continued
An arterial blood gas shows a pH of 6.9 with a lactate of 11.6 mmol/L. Given the patient's history of smoke exposure, severely depressed mental status, and acidosis with hyperlactatemia, the decision is made to administer a second dose of hydroxocobalamin.
How Is Hydroxocobalamin Administered?
Each hydroxocobalamin kit (Cyanokit) contains two bottles of 2.5 g of lyophilized hydroxocobalamin, which must be diluted with 100 mL of normal saline. The recommended dose of 70 mg/kg leads to a typical, initial adult dose of 5 g administered over 15 min, followed by an additional 5 g over 15 min to 2 h if indicated by the patient's clinical condition [40] . However, in cardiac arrest or severe hypotension, animal studies support a faster infusion rate over only 1-3 min without apparent adverse effects [41] .
What Are the Adverse Effects Associated with Hydroxocobalamin Administration?
After hydroxocobalamin administration, common adverse events include hypertension, chromaturia, pink skin discoloration, and interference with common laboratory assays (including hemoglobin, methemoglobin, lactate, and carboxyhemoglobin) [42] . Hydroxocobalamin potentially interferes with dialysis. A falsely detected Bblood leak^from the staining of the filtration membrane by hydroxocobalamin triggers an alarm in some dialysis machines that cannot be overridden. This interference has been shown to occur with Fresenius 2008K™ dialysis machine, but not with the Gambro Phoenix X36™. This poses a problem for patients who require hemodialysis for pH correction or are dialysis dependent at baseline. Therefore, it may be feasible to choose thiosulfate alone or with sodium nitrite if the dialysis machines at the institution treating the patient are prone to hydroxocobalamin-induced error [13] .
After stabilization and transfer to the ICU of this critically ill patient, the doctor turns his attention to another family member who had been in the house at the time of the fire. This middle-aged man had been able to escape the house, but prior to arrival of the fire fighters, he attempted to extract family members from the burning building. However, the flames and heavy smoke forced him to retreat. He now presents for medical evaluation due headache and feeling dizzy. He suffered no significant burns or injuries. His bedside CO-oximetry reads 7 % carboxyhemoglobin.
In Which Patients with Evidence of Cyanide Toxicity Can Antidotal Therapy be Withheld?
An overly permissive scheme for empiric cyanide antidote treatment after smoke inhalation can outstrip the available antidote supply in mass casualty scenarios and lead to unnecessary treatment and cost in low-risk exposures. An overly restrictive approach will delay the resuscitation of cyanidepoisoned patients. In our review, we found that cyanide toxicity produces a variety of clinical signs and symptoms as well as laboratory abnormalities that are rapidly detectable at the bedside. We developed an algorithm based on these findings (see Fig. 1 ), but the algorithm has not been validated by prospective clinical trials. The purpose of the algorithm is to guide focused diagnostic testing and antidotal therapy for smoke-related cyanide toxicity based on published clinical and preclinical reports. In our proposed algorithm, we assume that bedside providers have initiated standard resuscitative therapies including airway management, supplemental oxygen, and hemodynamic support (intravenous fluids and vasopressors) when indicated. We established a high-risk category based on the emergent need for (repeat) antidotal therapy, an intermediate category requiring further diagnostics to guide antidotal therapy, and a low-risk group where antidotal therapy is not required. Based on our review of the current literature, we subdivided presenting signs, symptoms, and vital signs into these same categories. Furthermore, our analysis found several laboratory tests that can be obtained at pointof-care, providing data to the treating physician within minutes.
Low-risk patients without indications for antidotal treatment represent the population that is most poorly described in published reports, perhaps due to underreporting of these cases. However, patients from this category are most likely to overwhelm available resources. For example, in March of 2006, 27 firefighters from Providence, RI, presented to the ED with concern for cyanide toxicity after one of their colleagues had suffered a ventricular fibrillation cardiac arrest and was found to have a whole blood cyanide level of 66 μg/dL. None of them had alarming symptoms or vital sign abnormalities. A consensus on required treatment is important for these low-risk patients.
Mild cyanide toxicity may lead to non-specific symptoms such as headache, dizziness, and nausea. However, smoke inhalation victims are also at risk for carbon monoxide poisoning, dehydration, stress, and other processes that lead to a similar clinical picture. Symptomatic treatment is important, but there is no current indication for extensive testing or antidotal treatment, and the clinician should maintain a high index of suspicion for other causes.
Literature regarding long-term outcome after cyanide toxicity is by its very nature self-selective as the toxicity had to be recognized. As such, undiagnosed patients with cyanide toxicity who did not receive antidotal treatment cannot not be assessed for long-term outcomes. While chronic low-dose cyanide exposure is known to lead to konzo (a neurologic disease associated with ingestion of cyanogens in cassava), no data exists on the outcome of acute low-dose untreated cyanide exposure from smoke.
Are There Any Special Populations That Require Consideration?
In pregnant patients, the fetus is highly susceptible to cyanide toxicity. Fetal carboxyhemoglobin levels are approximately 10-15 percentage points above maternal levels [43] and may potentiate the effects of cyanide. In addition, the fetus is already in a relatively hypoxic environment at baseline, with a left-ventricular oxygen saturation of only 65 % under normal physiologic conditions [44] . Hydroxocobalamin is a pregnancy category C drug; animal studies have shown soft tissue abnormalities at therapeutic doses when given during organogenesis and increased fetal death at supratherapeutic doses [40] . As such, we recommend that the treatment threshold for pregnant women outside of the organogenic period be lower. Curry et al. showed in an animal study that sodium thiosulfate provides fetal protection of cyanide toxicity during maternal sodium nitroprusside infusion [45] . Sodium thiosulfate does not cross the placenta and likely creates a cyanide gradient toward the maternal circulation [46] . Therefore, we recommend thiosulfate as an antidote during early pregnancy instead of hydroxocobalamin. However, if thiosulfate is not immediately available, the benefit of treating a pregnant cyanidepoisoned patient with hydroxocobalamin outweighs its risks.
Conclusion
Cyanide toxicity is a common but often underappreciated effect of smoke inhalation. No real-time confirmatory tests are available, but an array of clinical markers allows clinicians to gauge the likelihood and severity of cyanide toxicity. Patients with severe toxicity and significant laboratory abnormalities require emergent administration of antidote. A select group of patients with evidence of mild cyanide toxicity likely does not require antidote if demand outstrips supply.
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